SUMMARY. In atrial and ventricular cells from hearts of hatched chicks, acetylcholine reduced the overshoot and the duration of action potentials recorded in normal Tyrode's solution (5.4 ITIM K + ). This effect of acetylcholine is attributed to inhibition of the slow inward current-dependent portion of the action potential because acetylcholine reduced the overshoot, rate of rise, and duration of the Ca ++ /Na + -dependent action potential recorded in 25 rriM K + -Tyrode's solution. Depolarization of the membrane to about -40 mV by 25 n\M K + inactivates the early inward Na + current but not the slow inward current-dependent component of the action potential. Inhibition by acetylcholine, which requires occupation of muscarinic receptors, occurs in the absence of catecholamines and is designated as 'direct.' Muscarinic inhibition of atrial cells is associated with membrane hyperpolarization and a reduction of membrane resistance. In contrast, muscariruc inhibition of ventricular cells occurs without hyperpolarization or a change of membrane resistance. It is concluded that activation of atrial muscarinic receptors inhibits the slow inward currentdependent action potential by increasing outward background K + current, and decreasing an inward Ca ++ /Na + current. In the ventricle, muscarinic inhibition is probably achieved by decreasing an inward Ca ++ /Na + current, alone. Inhibition by acetylcholine in ventricles is also distinguished by an interaction between muscarinic receptors and Ca ++ entry that appears to be noncompetitive, a result previously described in amphibian ventricles. In contrast, inhibition of mammalian atria by acetylcholine is characterized by competitive interaction between muscarinic receptors and Ca ++ influx. The results are consistent with our previously published model for the transition from 'indirect' (antiadrenergic) to 'direct' muscarinic inhibition observed after hatching. It is tentatively concluded that the transition from 'direct' to 'indirect" muscarinic inhibition is not due to a change in the membrane conductance activated by acetylcholine in ventricular cells but rather to a change in the regulation of adenylate cyclase activity by the parasympathetic neurotransmitter. (CircRes 53: 158-167, 1983) 
SUMMARY. In atrial and ventricular cells from hearts of hatched chicks, acetylcholine reduced the overshoot and the duration of action potentials recorded in normal Tyrode's solution (5.4 ITIM K + ). This effect of acetylcholine is attributed to inhibition of the slow inward current-dependent portion of the action potential because acetylcholine reduced the overshoot, rate of rise, and duration of the Ca ++ /Na + -dependent action potential recorded in 25 rriM K + -Tyrode's solution. Depolarization of the membrane to about -40 mV by 25 n\M K + inactivates the early inward Na + current but not the slow inward current-dependent component of the action potential. Inhibition by acetylcholine, which requires occupation of muscarinic receptors, occurs in the absence of catecholamines and is designated as 'direct.' Muscarinic inhibition of atrial cells is associated with membrane hyperpolarization and a reduction of membrane resistance. In contrast, muscariruc inhibition of ventricular cells occurs without hyperpolarization or a change of membrane resistance. It is concluded that activation of atrial muscarinic receptors inhibits the slow inward currentdependent action potential by increasing outward background K + current, and decreasing an inward Ca ++ /Na + current. In the ventricle, muscarinic inhibition is probably achieved by decreasing an inward Ca ++ /Na + current, alone. Inhibition by acetylcholine in ventricles is also distinguished by an interaction between muscarinic receptors and Ca ++ entry that appears to be noncompetitive, a result previously described in amphibian ventricles. In contrast, inhibition of mammalian atria by acetylcholine is characterized by competitive interaction between muscarinic receptors and Ca ++ influx. The results are consistent with our previously published model for the transition from 'indirect' (antiadrenergic) to 'direct' muscarinic inhibition observed after hatching. It is tentatively concluded that the transition from 'direct' to 'indirect" muscarinic inhibition is not due to a change in the membrane conductance activated by acetylcholine in ventricular cells but rather to a change in the regulation of adenylate cyclase activity by the parasympathetic neurotransmitter. (CircRes 53: 158-167, 1983) MUSCARINIC inhibition of atrial muscle by acetylcholine (ACh) is associated with a reduction in a time-dependent secondary inward current (i«) carried by Ca ++ and Na + and an increase of a timeindependent background outward current (i K] ) carried by K + (reviewed in Brown, 1982) . The concentration dependence for the effect of ACh on i«, and i K , differs in amphibian and mammalian atria, and it has been reported that ACh has a negligible effect on isi in rabbit sinus node (reviewed in Brown, 1982; Trautwein et al., 1981) . Nevertheless, muscarinic inhibition is accompanied by an important increase of i K , in sinoatrial node and atrial muscle cells. Moreover, muscarinic inhibition of the atrium does not require prior stimulation of 0-adrenergic receptors.
As a result of electrophysiological experiments in ventricular muscle, we described a transition in the mechanism of muscarinic inhibition from 'indirect' (antiadrenergic) in embryos to 'direct' (independent of prior /9-adrenoceptor stimulation) in hatched chicks . For the transition in the mechanism of muscarinic inhibition, it was assumed there was no qualitative changes in the membrane conductance acted upon by ACh; that is, ACh only inhibited i^ in the avian ventricle . This assumption was based on the observation that ACh did not hyperpolarize the ventricular cell membrane when it inhibited the Ca ++ -dependent action potential either 'indirectly' (embryonic chicks) or 'directly' (hatched chicks). Recently, Josephson and Sperelakis (1982) reported that the antiadrenergic ("indirect') effect of ACh in aggregates of embryonic chick ventricular cells was associated with a marked reduction of is, and a negligible change of voltage-and time-dependent outward current (i K ). This observation verifies the assumption about ACh acting only on i^ in embryonic ventricular cells. Because 'direct' muscarinic inhibition of atrial cells involves a reduction of ^ and an increase of i K ,, it remains possible that the transition from 'indirect' to 'direct' muscarinic inhibition of the ventricle is associated with the appearance of an ACh-regulated i Kl .
Experiments were done so that we might address two questions. Is the transition from 'indirect" to 'direct" muscarinic inhibition accompanied by the appearance of an ACh-regulated i*, in the avian ventricle? A corollary to this was the comparison of the effects of ACh on resting membrane conductance in atrial and ventricular muscle cells to ascertain whether muscarinic inhibition is different in these tissues (see Mirro et al., 1980) . Is the chemical nature of the inhibition of the Ca ++ -dependent action potential by ACh explicable as a competitive or noncompetitive interaction between the muscarinic receptor and U,? These experiments should test the validity of the assumption in our model for muscarinic inhibition of the avian ventricle and clarify its features.
Methods
Hatched male and female chicks of known birthdate (5-14 days) were decapitated and the hearts were rapidly excised. In experiments that examined the effects of acetylcholine (ACh), isoproterenol (ISO), and various concentrations of external Ca** ([Ca ++ ]o) on the Ca^-dependent action potentials, a small (2 mm x 4 mm) segment of the right ventricle free wall was isolated and pinned to the bottom of a tissue chamber (1.5-ml volume) with the endocardial surface up. This preparation was driven by rectangular pulses (5 msec, 1.5 X diastolic threshold) delivered through a glass insulated silver electrode with a tip diameter of 250 pm placed on the endocardial surface and a platinum electrode placed in the bath. Stimulus frequency was 0.1 Hz for evoking Ca ++ -dependent action potentials in tissue depolarized by 25 ITIM K + to inactivate completely the fast Na + conductance (Iijima and Pappano, 1979) .
A sucrose gap method was used in experiments that examined the effects of ACh and Ba ++ on membrane resistance. The chamber was comprised of a central compartment (2.5-mm width) that was separated from two lateral compartments (1.5-ml volume) by thin rubber membranes similar in design to that described by Wood et al. (1969) . Left atrial trabeculae and right ventricular moderator bands were carefully dissected with a razor blade. The tissues, which had diameters of 0.3-0.5 mm and lengths of 4-5 mm, were pulled through snugly fitting holes in the rubber membranes from the righthand compartment (potential recording pool) to the lefthand compartment (isotonic KG pool). The length of the preparation in the potential recording pool was not more than 0.5 mm. Rectangular current pulses (300-450 msec duration) were applied through Ag-AgCl wires positioned in the lefthand and righthand compartments and connected to a 100 Kfl resistance in series with the output of a constant voltage stimulator to provide a constant current. Initially, all three compartments were superfused with modified Tyrode's solution during an equilibration period of at least 60 minutes. After a steady impalement had been obtained, the lefthand compartment was superfused with 140 mM 
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Membrane potentials were recorded with glass microelectrodes filled with 3 M KC1 and having resistances of 15-30 Mfi. The reference electrode was a 3 M KC1 glass microelectrode whose tip was broken to reduce the resistance to 3-5 Mft. The signal from the microelectrodes was led through a differential DC preamplifier with high input impedance and negative capacitance for optimal recording of potential transients. [In view of the results of Glitsch and Pott (1978) in guinea pig atria exposed to acetylcholine, the possibility that a 1-to 2-mV hyperpolarization occurred in ventricular muscle in acetylcholine could be ruled out because the recording apparatus could detect a potential change >0.25 mV.] The maximum rate of rise of the Ca ++ -dependent action potential was obtained by electronic differentiation with an operational amplifier with a response linear from 0 to 500 V/sec. In uniformly depolarized Purkinje fibers, Vm^ is a reliable measure of ga (Kass et al., 1979) . The Ca 2+ -dependent action potential was recorded during propagation in our preparations, and Vnvw will be a nonlinear function of g^ because it reflects net membrane current carried by inward ic. and outward i K and because maximum membrane ionic current will lag behind membrane capacitative current (J ac k e t a l-< 1975). At the resting potential, V^, of the Ca ++ -dependent action potential diminished in the presence of acetylcholine. This result could be caused by a decreased i», an increased i K or a combination of both effects.
The sucrose gap method was used to elicit electrotonic potentials and thereby obtain an estimate of changes in membrane resistance produced by ACh and Ba ++ . Input resistance was not determined because it was deemed more appropriate to obtain measurements of electrotonic potentials in the absence and presence of ACh or Ba ++ in the same cell. It is assumed that the strand of muscular tissue in the sucrose gap chamber approximated a cable. Assuming a length constant of 1 mm, the membrane voltage at distances S500 /im from the sucrose gap will be within 11 % of the value at the zero distance (Noble, 1979) . The voltage changes (AV) produced by constant current pulses were measured at fixed distances (<400 /im) from the source of current. Provided that internal longitudinal resistance is constant, the change in electrotonic potential produced by ACh or Ba ++ in response to a given constant current pulse yields an estimate of the ratio of membrane resistance (AR) by the relation (Rdmg/R<ontroi) K (AKdruj/AVcontroi) (Equations 3 and 6; Weidmann, 1952) . When one takes into account the inability to detect a voltage change <0.25 mV with our recording system and the use of 5-mV hyperpolarizing electronic potentials to estimate polarization resistance (Rpoi), the error involved in estimating the change in membrane resistance by this method is 29% at the end of the 0.5-mm length of muscle in the test compartment and will be considerably less than this at the distances used for recording electronic potentials.
With the sucrose gap technique, only a portion of the applied current may pass across the membrane resistance because some of the applied current may be shunted through extracellular low resistance pathways and also because some of the applied current produces a voltage drop across a resistance in series with the membrane resistance (Carmeliet and Vereecke, 1979) . Although the shunt pathway can be minimized, it is not possible to eliminate completely (or compensate for) the series resistance. That the experimentally determined steady state current-voltage relationship depended upon the conductance properties of cardiac membranes was verified by the presence of inward-going rectification and by an increase of polarization resistance in the presence of BaCl 2 . Polarization resistance was determined by measuring the slope of the current-voltage relationship for hyperpolarizing electronic potentials within 5 mV of the resting potential. Background membrane conductance (gx,) could be estimated under these conditions, and this was verified by testing the effect of Ba"^ which has been reported to reduce g*, (Hiraoka et al., 1980; Osterrieder et al., 1982) .
Modified Tyrode's solution contains (mM): K + , 5.4; Na + , 149; Ca^, 1.8; Mg~, 1.0; CT, 148; HCO 3 ", 11.9; H 2 PCV, 0.4; and glucose, 5.5. Elevated K + -saline solutions (25 and 140 mM) were prepared by substitution of KG for NaCl in modified Tyrode's solution; the sum of K + and Na + concentrations was 154.4 irtM. In those experiments with altered concentrations of Ca** (0.45-3.6 mM), no corrections were made for the changes in osmotic pressure. The addition of BaCl 2 in the experiments that determined changes of membrane resistance was also uncompensated osmotically. Bath temperature was maintained at 37°C; temperature did not vary by more than 0.5°C during an experiment. Drugs used in the experiments are acetylcholine chloride (ACh) and isoproterenol hydrochloride (ISO). Ascorbic acid (57 ^M) was present in all solutions with ISO to retard oxidation. All drug-containing solutions were prepared at the time of the experiments.
Measurements were taken only from those experiments in which the microelectrode impalement of a single cell was maintained throughout control, drug exposure, and recovery period. Measurements are given as the mean ± SEM. Student's Ntest was used to evaluate the statistical significance of paired data obtained from a single cell.
Results

"Direct" Muscarinic Inhibition in Ventricle
'Direct* muscarinic inhibition of the ventricular action potential, which occurs in the absence of endogenous and exogenous catecholamines , was studied in the presence of 5.4 mM and of 25 mM K + . The ventricular action potential and electrotonic potentials evoked by 3-//A current pulses (350 msec) in the absence of acetylcholine (ACh) are shown in trace "a" of Figure 1 . In this cell, the resting membrane potential (Em) was -82 mV; the overshoot potential (E^) was 48 mV, and the action potential durations (APD) at O mV and at 90% repolarization were 125 msec and 178 msec, respectively. The effects of ACh, observed with the same applied current, are shown in trace *b* of Figure 1 . Acetylcholine (10~4 M) had no effect on the resting Em, whereas it decreased Eov and APD at 0 mV and at 90% repolarization by 5 mV, 24 msec, and 38 msec, respectively. [The force of contraction is reduced bỹ 80% at this concentration of ACh ]. The effects of ACh occurred rapidly (<30 seconds), reached a steady state in 4-5 minutes, and were completely reversed within 10 minutes after removal of the drug-containing solution. A summary of the effects of ACh on ventricular membrane potentials in 5.4 mM K + is provided in Acetylcholine decreased Eo V , APD (0 mV), and APD (90%) significantly (P < 0.05), but had no significant effect on the resting potential. The effects of ACh on electrotonic potentials produced by depolarizing and hyperpolarizing constant current pulses were determined in some of the cells from which the action potential data were taken. Results obtained from the cell in Figure 1 are given in the current-voltage plot in Figure 2 . Acetylcholine had no effect on the relationship between applied current and the amplitude of the corresponding electrotonic potentials in 5.4 mM K + , as indicated by the fit of the line through the values obtained in the absence (O) and presence (•) of ACh. The inverse of the slope of the line in the hyperpolarizing region (polarization resistance, Rp^) was 1.5 KQ. In contrast, addition of 0.1 mM BaCl 2 was associated with an increase of Rpd (Fig. 2, • ) that accompanied membrane depolarization and prolongation of APD by this divalent cation. The effects of Ba ++ on Rpoi were determined 15 minutes after the ACh-containing solution had been removed. Within 15 minutes after addition of Ba ++ , the membrane depolarized to -76 mV and Rpd had increased from 1.5 to 2.4 Kfi (Fig.  2) .The APD (0 mV) increased to 160 msec and APD (90%) increased to 213 msec (data not shown). From all experiments with Ba ++ , K^ increased to values that averaged 3.5 times greater (6.1 ± 2.3 Kfi) than control (w = 6). Measurements of Rp^ were successfully completed in six of the 12 cells that responded to ACh with reductions of action potential duration. Polarization resistance varied from cell to cell because of the effects of different distances on the amplitude of electrotonic potentials recorded in the Measurements include resting potential (£"), overshoot potential (E^), action potential duration (APD) at 0 mV and at 50% and 90% repolarization, and polarization resistance (R^oi).
* P < 0.05 when comparing control (C) measurements with those in the presence of acetylcholine (ACh). Number of cells given in parentheses below columns of measurements.
cable. Because the slope resistance was measured in each cell in the absence and presence of ACh, the observation that no change occurred in the presence of ACh indicates that membrane resistance was unchanged when ACh inhibited the ventricular action potential (Table 1) .
In the presence of 25 mM K + -saline, membrane excitation is achieved by i,, because the fast Na + current is inactivated. The results of all experiments with ACh in 25 mM K + (five with membrane potentials, four of which also had Rpoi determinations) are given in Table 1 . Neither the resting En, nor Rĉ hanged in the presence of ACh (10 M) when the duration of the Ca ++ -dependent action potential had decreased significantly (P < 0.05). Although ACh consistently reduced Eo V of the Ca ++ -dependent action potential in each cell, the effect was of borderline significance statistically (0.1 > P > 0.05). As was the case in 5.4 mM K + , addition of Ba ++ (n = 4) after the removal of ACh was accompanied by an increase of Rpoi from a control value of 1.0 ± 0.2 Kfi to 1.6 ±0.3 Kfi (P< 0.05).
"Direct" Muscarinic Inhibition in Atrium
The inability of ACh to change membrane resistance in ventricular fibers when the Ca ++ -dependent component of the action potential was inhibited prompted experiments with atrial cells to ascertain that ACh characteristically decreased membrane resistance in this tissue (see introduction). The results of one experiment done in modified Tyrode's solution (5.4 mM K + ) are shown in Figure 3 with the control action potential, evoked by a \.6-fiA depolarizing current pulse, given in trace 'a". In the control period, the resting Em was -76 mV, Eov was 34 mV, and the APDs at 0 mV and 90% repolarization were 36 and 52 msec, respectively. Acetylcholine (10~4 M) hyperpolarized the membrane by 3 mV, decreased Eo V by 7 mV, and reduced APD at 0 mV and 90% repolarization by 33 msec and 32 msec, respectively (Fig. 3, trace *b' ). These effects of ACh reached a steady state within 5 minutes and were readily reversed within 10 minutes after removal of ACh. When ACh had produced its maximum effect on the membrane potentials, it had also reduced the amplitude of electrotonic potentials (Fig. 4) . Table 2 . The average changes of resting Em, Eo V , APD (0 mV), and APD (90%) were 5 mV, -10 mV, -22 msec, and -33 msec, respectively. Average Rpoi decreased from 19.2 to 7.6 Kfi in the presence of ACh. All of these effects of ACh are significant statistically (P < 0.05).
Barium (0.1-0.2 ITIM), in contrast to ACh, increased Rpoi when applied to atrial fibers (n = 5). In Ba ++ , Rpo, increased to 40.8 ± 14.9 Kfi (P < 0.05). In addition, the membrane depolarized to -68 ± 3 mV when Ba ++ had increased Rpoi. rriM K + -saline (n = 7) are summarized in Table 2 . Acetylcholine hyperpolarized the membrane by 3 mV and completely blocked the Ca ++ -dependent action potential which was present in each of seven cells in the absence of ACh. Polarization resistance, measured in four of the seven cells in this series of experiments, decreased to 5.0 ± 2.0 Kfl in the presence of ACh from an initial value of 9.1 ± 2.7 Kfi. The effects of ACh on the Ca ++ -dependent action potential and on Rpo) were the same when either 100-msec current pulses or 350-msec current pulses were used. In contrast, Ba ++ increased average Rpoi to 21.2 ± 4.3 K Q P < 0.05) in the cells previously treated with ACh.
Nature of Muscarinic Inhibition of the Ca ++ -Dependent Action Potential in Ventricle
The experimental results are consistent with the hypothesis that muscarinic inhibition of the Ca ++ -dependent action potential in ventricular cells from hatched chick is 'direct* (independent of stimulation by agents such as catecholamines), involves a reduction of membrane conductance through the secondary inward current channel (gg,), and does not require an increased membrane conductance to K + , in contrast to the results obtained in atrial cells. This explanation seems plausible for ventricular muscle because there was no change in resting membrane resistance caused by acetylcholine. In atrial tissue, both effects are probably involved in view of the observed membrane resistance changes and the work of others (see introduction). Because Ca ++ is the principal charge carrier for the secondary inward current (isj), experiments were done with ventricular cells to analyze the interaction between ACh and Ca ++ in this system. A description of the surface density hypothesis (Hagiwara and Takahashi, 1967) and its application to the entry of Ca ++ through i*, channels in heart muscle has been reviewed by French and Adelman (1976) . According to this hypothesis, inward Ca ++ current (measured by V^, at constant driving force) is proportional to the density of Ca ++ adsorbed at membrane surface sites with an apparent dissociation constant (Ko) that can be estimated from a double reciprocal plot of (V^) ]o was increased from 0.45 mM to 3.6 (Hachisu and Pappano, 1983) . The Eo V changes (Hagiwara and Takahashi, 1967) , and this hypothesis has also been applied to heart muscle fibers (reviewed in French and Adelman, 1976) . According to this hypothesis, the apparent Ko of the membrane site associated with Ca ++ entry is given by the reciprocal of the intersection of the line with the x-axis. The relationship between Vm*x of Ca ++ -dependent action potentials and [Ca ++ ] o in the absence of drugs is shown in Figure 5 (unfilled circles; n = 5). The apparent dissociation constant for Ca ++ (Kca) with its membrane receptor that is associated with g,! is 1.55 rriM. In the presence of ACh (10~6 M), Vn^ of the Ca ++ -dependent action potentials was reduced by the same fraction to values that were 41%, 40%, 40%, and 44% of initial values obtained in 0.45 mM, 0.9 mi), 1.8 rnM, and 3.6 mM [Ca ++ ] o , respectively. The voltage at which Vmax occurred was 10 ± 3 mV in the presence of ACh, which was not significantly different from the control value of 12 ± 2 mV (n = 5). When the results were transformed into a double-reciprocal plot, the effect of ACh appeared consistent with a noncompetirive inhibition (Fig. 5, filled triangles) . The apparent Ko was 1.63 mM in the presence of ACh (six experiments). Experiments done in the presence of 10" 6 M isoproterenol (ISO), a /3-adrenergic agonist that increases g,,) (Reuter and Scholz, 1977) , showed that Vmax of the Ca ++ -dependent action potential increased by the same fraction to values that were 20%, 17%, 25%, and 23% greater than initial values in 0.45, 0.9, 1.8, and 3.6 mM [Ca ++ ]o, respectively (Fig. 5, filled squares) . The interaction between ISO and the membrane site regulating gs, is appropriately described as noncompetitive. There was no appre- ciable change of the apparent Ko (1.61 mM) in the presence of ISO.
Discussion
Muscarinic Inhibition in Avian Ventricle
Acetylcholine did not change either the resting membrane potential or membrane resistance in ventricular muscle from hatched chicks when it reduced the plateau amplitude and the action potential duration (5.4 mM K + ) and when it reduced the amplitude and duration of the Ca ++ -dependent action potential (25 mM K + ). Inhibition of the Ca ++ -dependent component of the ventricular action potential could be achieved by a reduction of depolarizing current (i,,) and/or by an increase of repolarizing current through inwardly rectifying K + channels (i K ) so that membrane current becomes more outward in the presence of ACh. The inability of ACh to hyperpolarize the membrane and to reduce membrane resistance when it inhibited the generation of the Ca ++ -dependent portion of the action potential is consistent with the hypothesis that ACh does not inhibit the ventricle by increasing membrane conductance through an inwardly rectifying K + channel. The antiadrenergic effect ("indirect' muscarinic inhibition) of ACh in ventricular cells of chick embryos is associated with a marked reduction of i^, in voltage clamp experiments reported by Josephson and Sperelakis (1982 had a negligibly small effect on voltage-and timedependent outward current (i«). Our results extend those obtained by Josephson and Sperelakis (1982) who studied "indirect" muscarinic inhibition. Their results, together with our own, emphasize the importance of a reduction of i^ by ACh in ventricular muscle from embryonic and hatched chicks and validate the assumption, made in our previously published model, that the membrane conductance acted upon by ACh does not change qualitatively during the ontogenetic transition from "indirect* to'direct" muscarinic inhibition .
Muscarinic Inhibition in Avian Atrium
Muscarinic inhibition of the Ca ++ -dependent component of the atrial action potential from hatched chicks was associated with membrane hyperpolarization and a reduction of membrane resistance in the presence of 5.4 and 25 mM K + . The average ratio of membrane resistances (RACh/Rcontroi) in atrial fibers exposed to 10"* M ACh was 0.40 in the presence of 5.4 mM K + and 0.55 in the presence of 25 mM K + (see Methods). These results are consistent with the conclusion that "direct" muscarinic inhibition of cardiac muscle in hatched chicks can be distinguished by the ability of muscarinic receptors to regulate inwardly rectifying K + channels in atrial but not in ventricular muscle. Barium increased membrane resistance of, and depolarized, atrial and ventricular cells, a result consistent with a reduction of gx reported previously (Sperelakis and Pappano, 1969; Hermsmeyer and Sperelakis, 1970; Ehara and Inazawa, 1980) . Perhaps Ba ++ , like Cs + (Ojeda et al., 1981) , increases membrane resistance by reducing background K + current (i K i). If this were the case, Ba ++ , like Cs + , would be expected to block the increase of membrane gx caused by ACh in atrial muscle (Ojeda et al., 1981) . Blockade of the inwardly rectifying K + channel of frog skeletal muscle by Ba ++ increased as a function of the external concentration of Ba ++ , and as the membrane became more negative (Standen and Stanfield, 1978) . If blockade of the inwardly rectifying K + channel by Ba ++ in heart muscle were as sensitive to voltage as in skeletal muscle, the increase of Rpd by Ba ++ could be overestimated.
Comparison of Electrophysiological and Tracer Flux Experiments
Muscarinic inhibition of vertebrate atria depends upon an action on two conductance systems: a decrease of a voltage-and time-dependent secondary inward conductance (g^) and an increase of a voltage-dependent background conductance (gx; Giles and Noble, 1976; Ten Eick et al., 1976; reviewed in Noble, 1979) . In contrast, electrophysiological evidence obtained in ventricular muscle suggests that reduction of g^ alone is sufficient to explain cholinergic inhibition of this tissue Josephson and Sperelakis, 1982; present results) . If there were incomplete inactivation of i^ at -42 mV, ACh could have hyperpolarized ventricular fibers by reducing the magnitude of this depolarizing inward current. Our evidence is not consistent with this possibility. The results obtained in electrophysiological experiments have been corroborated by radioactive tracer flux measurements. In mammalian atria, ACh increased K + efflux and inhibited Ca ++ influx when it inhibited contractions and diminished action potential duration (Nawrath, 1981) . In mammalian ventricle, ACh inhibited Ca ++ influx without changing K + efflux when it inhibited contractions and reduced action potential duration previously augmented by elevation of cAMP (Nawrath, 1981) . [The latter observation is in accord with the view that muscarinic inhibition of mammalian ventricle is 'indirect" because ACh has no effect in the absence of agents that elevate cAMP. An exception to this pattern has been described by Hino and Ochi (1980) , who reported "direct" muscarinic inhibition of the guinea pig ventricle. Even in this apparent exception, Hino and Ochi found that muscarinic inhibition of the ventricle was associated with a reduction of g,, but no increase of time-independent i K through inwardly rectifying K + channels].
Postulated Mechanism of Muscarinic Inhibition in Ventricle
The present results are consistent with the hypothesis that the transition from "indirect" to "direct" muscarinic inhibition of the avian ventricle requires a change in the ability of the muscarinic receptor to regulate the adenylate cyclase-cAMP system . "Direct" muscarinic inhibition by ACh is associated with a reduction of adenylate cyclase activity (Pappano and Biegon, 1982) and of cAMP content in ventricles of hatched chicks. Moreover, "direct* muscarinic inhibition of the ventricle of hatched chicks is independent of catecholamine-induced activation of adenylate cyclase by endogenous catecholamines, because this inhibition occurs in preparations treated with 6-hydroxydopamine, which destroys adrenergjc nerve terminals (Higgins and Pappano, 1981) and with propranolol which blocks /3-adrenergic receptors . Because ACh seems to act only on i^, V^,, of the Ca ++ -dependent action potential can be used to estimate changes of isi without the complication due to simultaneous increase of outward current. However, the following description of muscarinic receptor interaction with Vma, in terms of enzyme kinetics should be viewed with some reservation, especially because of the nonlinear relationship between i»j and Vn^x in muscle with propagated action potentials. Acetylcholine appeared to block the Ca" 1^-dependent action potential in a noncompetitive manner, and did not change the apparent affinity of Ca ++ for membrane sites that seem to be associated with Ca ++ entry through i* channels. This result is consistent with the hypothesis that ACh does not change the selectivity of i,, channels for Ca ++ but, rather, reduces the number of such channels available for activation at a given voltage, presumably by virtue of the diminished accumulation of cAMP that regulates such channels. The observation that ISO, which causes the accumulation of cAMP (Biegon and , increases Vm^ and the amplitude of Ca ++ -dependent action potentials without changing the apparent Kc a strengthens this hypothesis. Reuter and Scholz (1977) reported that catecholamines augmented i., in mammalian ventricle through a cAMP-dependent process that could be explained either by an increase in the number of is, channels at a given test voltage, or by an increase in the conductance of individual is, channels. Reuter and Scholz favored the first explanation because neither the kinetics nor the selectivity of Ui channels for Ca ++ was altered by catecholamines. However, analysis of u, channel function in cardiac membrane patches indicated that /3-adrenergic agonists may increase i^, at least in part, by increasing the amount of time an activated channel remains in the open state (Reuter et al., 1982) . In the case of ACh, neither the apparent Kc, (present results) nor the steady state inactivation of i^ (Josephson and Sperelakis, 1982) was changed by ACh during inhibition of the Ca ++ -dependent action potential in avian ventricle. The apparent noncompetitive inhibition of ventricular Ca ++ -dependent action potentials by ACh contrasts with the competitive blockade of these action potentials by nifedipine, an organic antagonist that presumably acts on i,i channels independent of cAMP in guinea pig ventricle (Inui and Imamura, 1977; Ochi, 1981) .
Similar Mechanisms for Muscarinic Inhibition in Amphibian and Avian Ventricle
Muscarinic inhibition of Ca ++ -dependent action potentials and of contractions in ventricles of hatched chicks is very similar to that observed in the amphibian ventricle. Acetylcholine reduced action potential duration and inhibited contractions in frog ventricle (Antoni und Rotmann, 1968) at concentrations also found effective in the avian ventricle . Antoni and Rotmann concluded that the negative inotropic effect of ACh was due exclusively to an effect on the plasma membrane that reduced action potential duration. These authors suggested that an increased K + permeability diminished the excitatory inward current responsible for initiating contraction and reduced action potential duration. This view differs from that advanced in the present report. Experiments with the frog ventricle are needed to solve this discrepancy. Muscarinic inhibition in the frog ventricle displayed a noncompetitive mechanism in the interaction between ACh and [Ca ++ ]o (Antoni and Rotmann, 1968) . These investigators found that the degree of inhibition of action potential duration and of contractions by ACh did not change when [Ca ++ ]<, ranged from 0.5 to 8 rriM. Our results and theirs differ from the observations in guinea pig atria where the inhibitory effect of ACh decreased as [Ca ++ ] o is increased (Reuter, 1966) . Therefore, muscarinic inhibition of arrial and ventricular muscle can be distinguished, not only by the membrane currents involved (i^ and i >c in atrium; i,, in ventricle), but also by the nature of the equilibrium interaction between the muscarinic receptor and i,i (competitive in atrium; noncompetirive in ventricle).
Another similarity of muscarinic inhibition in avian and amphibian ventricles is the proposed role of cyclic nucleotides in the inhibition. Muscarinic inhibition in the frog ventricle, as in the avian ventricle, is associated with a reduction of cAMP content (McAfee et al., 1978) . Although it is not possible to exclude an increase of cGMP content as the mediator of ACh action, no change in the content of this cyclic nucleotide has been detected in either the frog ventricle (McAfee et al., 1978) or in the avian ventricle in the presence of ACh.
Regulation of Ui channels of autonomic transmitter control of the adenylate cyclase-cAMP system has been viewed in at least two possible schemes. Josephson and Sperelakis (1982) proposed that there are two types of Ui channels, a population that operates under basal conditions dependent upon voltage and independent of cAMP-dependent phosphorylation and a population regulated by autonomic transmitters through cAMP-dependent phosphorylation of i^ channels that are also voltage dependent. Alternatively, Reuter (1980) has proposed that there is only one type of i»i channel whose activation is dependent on chemical (cAMP-dependent phosphorylation) and voltage control. Either scheme could explain how ACh inhibits the Ca ++ -dependent action potential 'directly' in avian ventricular muscle. Experiments that evaluate the effects of depleting basal cAMP content (for example, by injection of phosphodiesterase) on i,,-generated Ca ++ -dependent action potentials are required before one can evaluate the applicability of these hypotheses to muscarinic inhibition of the avian ventricle.
In conclusion, it may be proposed that: (1) there is no qualitative change in the membrane conductance system acted upon by ACh in the avian ventricle during the ontogenetic transition from "indirect" to 'direct' muscarinic inhibition, (2) muscarinic inhibition of the avian ventricle is due to a reduced hu whereas ACh increases i K and decreases i^ in the atrium, (3) the interaction between the muscarinic receptor and i«i is consistent with a noncompetinve mechanism in the ventricle and a competitive mechanism in the atrium, and (4) reduction of the number of is, channels controlled by cAMP-dependent phosphorylation.
